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Abstract

Chromium (Cr) is a common contaminant found at a number of sites globally. Cr sources
can be either anthropogenic or natural. Cr occurs in nature in two valences, with Cr(VI) being
carcinogenic, more toxic and mobile than Cr(III). Reduction of Cr(VI) to Cr(III) is a common
remediation strategy, but monitoring Cr reduction using only concentration and speciation
analyses is a difficult endeavor because concentrations can be affected by dilution and advection
in addition to reduction. Cr isotopes are fractionated during reduction processes, so monitoring
isotopic changes in Cr may be a faster and more effective way to monitor reduction. This
research involved both measuring Cr isotopic fractionation caused by Cr (III) oxidation and a
field study in an area of well documented Cr contamination problem.
Back reaction of Cr(III) to Cr(VI) is possible under some conditions and we need to be
able to characterize that reaction when monitoring Cr(VI) contamination. Previous work
measured isotopic fractionation factors for Cr(VI) reduction and through this study we now have
fractionation factors for Cr(III) oxidation. Cr(III) oxidation experiments using pyrolusite ȕMnO2) at pH 3 and 4 were performed. Cr(VI) formed in the first stages of the experiments is
HQULFKHG LQ į53&U E\ Å and is independent of pH or matrix or electrolyte used. This
enrichment in the Cr(VI) product relative to the reactant cannot be explained by a simple kinetic
isotopic effect, because during kinetic interactions one would expect the product to become
enriched in the lighter Cr isotopes relative to the reactant. Moreover, the results do not fit a
Rayleigh distillation curve behavior. We also suspect that this is not a reflection of isotopic
equilibrium, as that should cause stronger fractionation. Seemingly a combination of equilibrium
and kinetic isotopic effects govern the multistep oxidation reaction.
vi

The second part of the study was conducted in León valley, Guanajuato, México. In
1975, high Cr concentrations were detected in groundwater. Previous work proposed an
anthropogenic origin for a high concentration plume near the Química Central (QC) factory
located in Buenavista (BV), while the larger but less contaminated Cr plume located near San
Juan de Otates (SJO) is assumed to be caused by weathering of ultramafic rocks. In this study
surface and groundwater samples collected in 2007 and 2008 in both areas showed enriched
LVRWRSLF YDOXHV UDQJLQJ IURP Å WR Å QHDU QC DQG Å WRÅ LQ 6DQ
Juan de Otates. The samples suggested a decrease in concentrations of Cr(VI). In BV
concentrations ranged from 0.005 mg/l and 121 mg/l for surface and groundwater in 2007 to
0.002 mg/l and 95.1 mg/l for surface and groundwater samples in 2008. In 2007 Cr(VI)
concentrations in San Juan de Otates ranged from 0.01 mg/l to 0.012 mg/l in surface and from
0.01 mg/l to 0.016 mg/l in groundwater, while in 2008 Cr(VI) concentrations were <0.001 mg/l
in surface water.
Fractionation in Cr isotopes measured in leaching experiments from the waste material
piles and G53Cr values from groundwater, suggests that: 1) Cr in the waste piles was fractionated,
during ³ZHDWKHULQJ´ WKHGHFUHDVHLQį53Cr values is caused by an unknown process, and/or 3)
indicates the presence of new Cr sources with unique Cr isotopic compositions. Cr (VI)
concentrations and Cr isotopes were also measured in a nearby landfill. Low Cr(VI)
concentrations and eQULFKHG į53Cr values suggest that reduction is occurring in the landfill.
Additional sampling suggests that weathering of ultramafic rocks in San Juan de Otates outcrop
resulted in Cr(VI) concentrations in surface and groundwater below USEPA and Mexican
Maximum Permissible Contaminant Levels in 2007 and 2008.

vii

Given that Cr concentrations are still very high and isotopic measurements show no
natural reduction in Buenavista, I propose that natural attenuation monLWRULQJFDQ¶WEHWKHRQO\
remediation technology and active remediation technologies are necessary. Over the last couple
of years the plume in San Juan de Otates has been below USEPA MCL, apparently natural
reducing agents are removing Cr(VI) from solution. As with the contaminated area in
Buenavista, Cr isotopes again proved to be useful in determining if natural attenuation is still
prevalent and effective.
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Chapter 1. Introduction
1.1. Chromium Geochemistry
Chromium (Cr) is the second most commonly found pollutant in contaminated sites in the USA
(Kavanough, 1994). Usually this is due to anthropogenic sources (industrial leaks or spills) however;
under special circumstances natural sources (i.e. weathering and erosion of Cr-rich rocks) may
contribute to high concentrations of Cr in the environment.
Cr is the 10th and the 21st PRVW DEXQGDQW HOHPHQW LQ WKH HDUWK¶V PDQWOH and crust, respectively
(IETEG, 2005) and is used in a wide range of industries (Table 1).
Table 1. Uses of Chromium (Modified from Testa, S.M, in: Chromium VI Handbook, 2005, CRC Press).
Form

Cr(III)

Uses
Metal and alloy manufacturing
Brick lining
Refractory material
Chrome plating
Leather tanning
Textiles
Copying machine toner

Cr(VI)

Chrome plating
Leather tanning
Textiles
Copying machine tonner
Wood preservation
Gasoline additive
Electronics

Cr is a redox active metal and its toxicity is heavily dependent upon its oxidation state. Cr has a
broad range of valences (from -2 to +6) but only the +3 and +6 states are stable under natural conditions
(Fendorf, 1995). Hexavalent chromium (or Cr(VI)) is mobile in soils and waters because it forms
soluble anionic species WKDWDUHQ¶WHDVLO\VRUEHd. Cr(VI) is toxic, a known carcinogen (IARC, 1990), skin
irritant and corrosive. In contrast, trivalent chromium (or Cr(III)) is less mobile and 10-100 times less
toxic (Gon Kim et al., 2002). Hence, establishing then the oxidation state of Cr in a system and
determining the potential of transformation between valences is imperative.
1

Cr is susceptible to redox, sorption, precipitation and complexation reactions; and its speciation
(Figure 1) is Eh and pH dependant (Guha et al., 2001; Hellerich and Nikolaidis, 2005; Richard and
Bourg, 1991).

Figure 1. &KURPLXP¶V(K-pH diagram.

Reduction of Cr(VI) to Cr(III) is a detoxification technique frequently used in remediation
efforts. However, the typical speciation and concentration measurement approach used to monitor Cr
reduction in the plumes is time consuming and not very reliable, because decreases in Cr concentrations
can additionally be attributed to dilution and transport-related processes. Reduction also causes isotopic
fractionation, thus stable isotopes can be used to monitor reduction occurring in a system.
1.2. Chromium Stable Isotopes Background
Stable isotopes of elements such as H, O, N, and S have been used since the 194¶VLQDEURDG
range of hydrogeochemical applications. Stable Isotopes do not decay over time, their nuclei are stable,
but their relative abundances change (or fractionate) when lighter isotopes separate from heavier ones in
2

response to chemical reactions. Technical and scientific advances have facilitated the measurement of
small fractionations related to geochemical processes such as evaporation, diffusion, reduction, sorption,
oxidation and precipitation reactions in elements such as Fe, Se, Cr, Mo, etc., that twenty years ago were
only speculated or too difficult to measure, giving birth to the new field of non-traditional stable
isotopes. These developments give us new means to monitor and model presence, extent and rates of the
reaction(s) of interest. One of such advances was the development of new mass spectrometers such as
the Multi Collector Ion Coupled Mass Spectrometer (MC-ICP-MS). The MC-ICP-MS combines the
ionization efficiency of an inductively coupled plasma instrument with the advantages of multi-collector
data acquisition, allowing us to measure several isotopes at the same time. Prior to any preparation for
mass spectrometry, a known

50/54

Cr double spike is added to the samples. Analytical precision of

Å DW ı LV DFKLHYHG ZLWK WKLV PHWKRG Chromium isotope data will be reported in standard į
notation (į53Cr), defined as:
G 53Cr

0

00

ª
«
¬

53

Cr

52

Cr sam  53Cr
53
Cr 52Cr std

52

Cr

std

º
» *1000 ««««««««««« 1)
¼

where std and sam refer to the National Institute of Standards and Technology Standard Reference
Material (NIST SRM) 979 Cr isotopic standard and the sample analyzed, respectively.
Two main types of processes for isotopic fractionation are equilibrium and kinetic. Equilibrium
fractionation involves isotopic exchange reactions between two different phases of a compound at a rate
that maintains equilibrium. Kinetic fractionations may occur if there is incomplete exchange between
different phases in a system (Schauble, 2004), generally it is associated with fast, incomplete or
unidirectional processes like evaporation, diffusion and dissociation reactions (White, 2003), and
equilibrium is not attained.
The equilibrium isotopic fractionation factor between substances A and B is defined as:

3

R prod

D

Rreact

««««««««««««««««««««« 2)

where Rprod and Rreact are isotopic ratios of the heavy isotope to the lighter isotope (i.e. 53Cr/52Cr).
For kinetic isotopic effects, the epsilon notation (İ) is used, with:

H AB 1000 D AB  1 «««««««««««««««««« 3)
where İ is the instantaneous kinetic fractionation. To obtain the value of İ, the Rayleigh Fractionation
Model can be used. Rayleigh fractionation occurs when a reaction fractionates isotopes and the reaction
products are removed from the system, or the reaction products do not back-react (irreversible reaction),
VRWKH\FDQEHFRQVLGHUHGDV³UHPRYHG´IURPWKHV\VWHP7KH5D\OHLJKIUDFWLRQDWLRQPRGHO DVVXPLQJD
closed and homogeneous system) we will use is:

G 53CrR

G 53Crini  H ln F «..««««««««««««««« 4)

where R is the reservoir; İ the instantaneous fractionation; and F the fraction of Cr remaining
(unreacted) in the reservoir. To calculate F you can estimate İ and use WKHREVHUYHGį53Cr in the reactant
SRROPLQXVWKHį53Cr of the reservoir.
Previous work has shown how reduction of Cr(VI) to Cr(III) also causes isotopic fractionation
(Berna, 2007; Ellis et al., 2004; Izbicki et al., 2008; Johnson and Bullen, 2004; Kitchen et al., 2004;
Sikora et al., 2008), where the Cr(III) product is enriched in the lighter isotopes, while the remaining
Cr(VI) is enriched in the heavier isotopes. Thus reduction can be monitored using the above equations,
in a much faster and accurate way than by only using speciation and concentration analyses. Within the
precisions of the techniques employed (±Å LWKDVEHHQGHWHUPLQHGWKDWVRUSWLRQRI&U 9, GRHVQRW
VHHP WR FDXVH DQ\IUDFWLRQDWLRQ Å LQ EDWFKH[SHULPHQWV XQGHUHTXLOLEULXPFRQGLWLRQV (Ellis et
al., 2004). Sorption effects should then be negligible except if amplification is related to transport effects
at the fringes of a contaminant plume.

4

1.3. Scope of this study
This dissertation is divided in two parts.
Chapter 2 deals with the isotopic fractionation of Cr during the oxidation of Cr (III) to Cr(VI) by
pyrolusite (MnO2). Obtaining reliable fractionation values during oxidation experiments should help us
understand Cr systematics, and allow us to evaluate its importance when evaluating the fate and
transport of Cr by using Cr stable isotopes. While the presence of low levels of Cr(III) in soils and
waters is not a hazard in itself, if manganese oxides are present, the potential for oxidation to Cr(VI)
presents an environmental problem. Previous work has studied the kinetics of Cr(III) oxidation by
manganese oxides (Eary and Rai, 1987; Fendorf et al., 1992; Fendorf and Zasoski, 1992; Gon Kim et al.,
2002; Manceau and Charlet, 1992; Silvester et al., 1995), but only one previous study concerning the
measurement of isotopic fractionation during Cr(III) oxidation by manganese oxides (in this case
birnessite į-MnO2) exists. This reconnaissance work was reported in two meeting abstracts by Bain and
Bullen (2004, 2005). Chapter 2 contains results for isotope fractionation during oxidation of Cr(III)
using pyrolusite ȕ-MnO2) in batch experiments. These experiments were conducted at pHs of 3 and 4,
with different matrices and electrolytes. Our goals were to: 1) measure isotope fractionation values for
the Cr(III) oxidation reaction by pyrolusite, and 2) observe if the isotope fractionation values were
dependent on matrix or pH changes in the experiments.
Chapter 3 of this dissertation deals with the use of isotopes to monitor fate and transport of Cr in
León valley, Guanajuato, México, and includes the results of Cr transport experiments. High
concentrations of Cr were detected in the León valley region (Guanajuato, México) groundwater in 1975
(Rodríguez and Armienta, 1995). Previous work proposed an anthropogenic origin for a high
concentration plume near the Química Central factory, located in Buenavista, (Armienta et al., 1997;
Armienta et al., 1993), while a larger sub ppb plume located near the San Juan de Otates town, is
assumed to be caused by weathering of ultramafic rocks (Armienta et al., 1996; Hernandez-Silva et al.,
5

2000; Robles-Camacho and Armienta, 2000). Groundwater, surface water, rock and waste material
samples were collected at both sites in June 2007 and May 2008. Our goals were to: 1) Acquire Cr
isotopic data from field samples, to identify and compare different sources and obtain reduction rates in
the system, and 2) Help interested parties in deciding if natural attenuation or other remediation
techniques are needed for all the potential sources.
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Chapter 2. Cr stable isotope fractionation during oxidation of Cr(III) to Cr(VI) by
pyrolusite.
2.1. Introduction
Chromium (Cr) is a common redox-active pollutant found in hazardous waste sites around the
world (Kavanough, 1994; Nriagu and Nieboer, 1988). Cr contamination can be caused by anthropogenic
sources (i.e. metallurgical, leather tanning, chemical, electroplating, pigment/dye, wood preservation,
etc.) (Apte et al., 2005; Armienta et al., 2001; Bader, 1997; Buerge and Hug, 1999; Chattopadhyay et al.,
1999; Farmer et al., 2002; Girten, 1993) or to a lesser degree, by natural sources (i.e. weathering of Cr
rich rocks) (Calas et al., 1984; Cooper, 2002; Gonzalez et al., 2005; Hernandez-Silva et al., 2000;
Izbicki et al., 2008; Oze et al., 2007; Oze et al., 2004; Robles-Camacho and Armienta, 2000). I present
in this work, the first set of Cr isotopic data obtDLQHGGXULQJR[LGDWLRQRI&U ,,, WR&U 9, E\ȕ-MnO2
(pyrolusite) in batch experiments performed at controlled pH of three and four, and using different
matrices, to 1) obtain fractionation values for the Cr(III) oxidation reaction by pyrolusite, previously
unknown, and 2) see if the fractionation values are dependent to matrix or pH changes in the
experiments.
Cr is usually found in nature in two valences: trivalent (or Cr(III)) and hexavalent (or Cr(VI))
(Fendorf, 1995). In aqueous solutions Cr(VI) dominates under oxidizing conditions and Cr(III) under
reducing conditions. Cr(VI) generally exists in the anionic chromate (CrO42-), (HCrO4-) or dichromate
(Cr2O72-) forms. Cr(VI) compounds are highly mobile because they are not strongly sorbed by soils, are
toxic and mutagenic, carcinogen (IARC, 1990), and a corrosive, it can be absorbed by ingestion, through
the skin and by inhalation (Daugherty, 1992; Fendorf and Zasoski, 1992), while Cr(III) is less mobile
and about 10 to 100 times less toxic (Gon Kim et al., 2002).
For the above reason, Cr(VI) reduction to Cr(III) is a remediation technology commonly
proposed, and can be due tRSUHVHQFHRIRUJDQLFPDWWHU)H ,, DQGUHGXFHGVSHFLHVRIVXOIXU .RåXKHW
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al., 2000). One additional potential environmental problem is the oxidation of Cr(III) to Cr(VI) if MnO2
is present, giving rise to Cr(VI) contamination issues (Chattopadhyay et al., 1999; Milacic and Stuppar,
1995; Tokunaga et al., 2007; Verma, 2003; Walsh and O'Halloran, 1996). A series of laboratory
experiments lasting 4.6 years (Tokunaga et al., 2007) tested the stability of reductively stabilized Cr of a
contaminated soil treated with varying levels of organic Carbon, and with pH values in the range of 7.2
to 7.9. They suggested that some Cr(III) remained in solution in organo-complexes, diffusing to the
Mn(IV) surfaces and reoxidizing.
Cr(III) oxidation is naturally viable only with O2 at pH>9, and MnO2 (Fendorf and Zasoski,
1992; Verma, 2003). Interactions between Cr(III) and dissolved oxygen revealed very little to no
oxidation, even in experiments conducted at pH 12.5 for 24 days (Apte et al., 2006; Eary and Rai, 1987;
Schroeder and Lee, 1975). Manganese oxides are commonly found as suspended particles in surface
waters and as nodules or coatings in soils and sediments (Gon Kim et al., 2002), and have been found to
be a strong electron sink for Cr(III) oxidation to Cr(VI) (Bartlett and James, 1979; Eary and Rai, 1987;
Fendorf and Zasoski, 1992; Johnson and Xyla, 1991; Silvester et al., 1995). Manganese oxides occur in
divalent, trivalent, tetravalent or simultaneously in multiple valence states (Weaver and Hochella, 2003).
Cr(III) oxidation by manganese oxides can occur over a range of pH and Cr(III) concentrations (Eary
and Rai, 1987; Fendorf and Zasoski, 1992). The oxidation mechanisms involved are fast (Fendorf and
Zasoski, 1992) and can continue for long time (Eary and Rai, 1987). Experimental results using
birnessite indicate that the overall oxidation of Cr(III) by a manganese oxide follows the following
reaction (Fendorf et al., 1992):
Cr(III)+ 1.5į-MnO2 + H2O= HCrO4¯+ 1.5Mn(II) + H+«««««««« 1)
Some controlling factors could be (Apte et al., 2006): 1) adsorption mechanisms of Cr(III) on
manganese oxides, 2) competition with other cations (i.e. Al, Fe) for adsorption sites, 3) mechanism of
electron transfer, 4) oxidation rates of manganese oxides, and 5) pH, although it is still not very well
9

understood, but the amount of Cr(III) and ratio of MnO2 surface seem to be very important. Several
other processes may affect Cr(III) oxidation rates, i.e. MnO2 oxidation rates were lower in seawater in
comparison with fresh water, probably due to competition from other cations from reactive sites (Van
der Weijden and Reith, 1982). Organic substances could also have a strong inhibitory effect in Cr(III)
oxidation, due to their affinity to strongly bond with Cr(III) (Johnson and Xyla, 1991).
Many uncertainties still remain regarding Cr stable isotope systematics. Cr has four stable
isotopes of masses 50 (4.34%), 52 (83.78%), 53 (9.5%), and 54 (2.36%) (Winter, 2006). Reduction
reactions cause isotope fractionation, and it has been proposed that isotopic values can be used to
monitor these reactions in a contaminated system (Bain and Bullen, 2004, 2005; Berna, 2007; Ellis et
al., 2004; Izbicki et al., 2008; Johnson and Bullen, 2004; Kitchen et al., 2004; Sikora et al., 2008), Cr
stable isotopes is a faster and more reliable way to monitor reduction in a Cr contaminated plume
because: 1) monitoring Cr reduction using only speciation and concentrations involves collection of
many years of data, 2) isotopes are not affected by dilution or advection processes, and 3) reduction also
causes an isotopic fractionation, where the Cr(III) product is enriched in the lighter isotopes, while the
UHPDLQLQJ&U 9, LVHQULFKHGLQWKHKHDYLHULVRWRSHVDQGWKLVIUDFWLRQDWLRQFDQEHPRQLWRUHGYLDį 53Cr,
defined as:
53
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where std and sam refer to the NIST SRM 979 Cr isotopic standard and the sample analyzed,
respectively. Sorption of Cr(VI) within the precisions of the techniques used in batch experiments (Ellis
et al., 2004) of Cr(VI) onto goethite (FeOOH) or aluminum oxides (Al2O3), does not seem to cause any
isotopic fractionation under equilibrium conditions. Sorption effects should then be negligible except if
some kind of amplification is related to transport effects at the fringes of a contaminant plume.
Fractionation values also have been found during precipitation of low temperature phases (Crocoite:
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PbCrO4 in Schoenberg et al., 2008), thus opening the possibility of using Cr isotopes to study Cr redox
conditions along hydrothermal pathways. A summary of the fractionation values seen in literature are
shown in Table 2.
Table 2. Chromium isotope values obtained in earlier work.
Reaction

Conditions/reactants

į53Cr Å

Source(s)

Cr reservoirs

High pressure and
temperature

-0.12 ± 0.10

Schoenberg, 2008

Cr(III) Reduction by:
Bacteria (Shewanella Oneidensis MR-1)
Bacteria (Shewanella Oneidensis MR-1)
Fe(II) and organic reductants
Magnetite and sediments
Aquifer materials

Cr(VI) sorption

Lactate <0.01 mM
Lactate 10 mM
Experiments
Experiments and sediments
Contaminant plume in
California
Synthetic aluminum oxide (ȖAl2O3) and goethite (FeOOH)

Crocoite precipitation

-4.1
-1.8
-2.9 to -4.7
-3.4 ± 0.10
-2.8 ± 0.3

<0.04

Sikora et al., 2008
Sikora et al., 2008
Johnson et al., 2005
Ellis et al, 2002
Berna and Johnson, 2007, Johnson and
Berna, 2008
Ellis et al., 2004

+0.64 to +1.037

Schoenberg, 2008

-2.50 to +0.7

Bain and Bullen, 2004, 2005

Low temperature mineral
phase precipitation
Cr(III) oxidation
Birnessite (į-MnO2)

As previously mentioned, Cr mobility/toxicity and its environmental impact is a direct function
of redox reactions, with Cr(VI) being more toxic and mobile than Cr(III). Although fractionation factors
for Cr reduction (biotic and abiotic) are known, it is unclear how Cr isotopes are fractionated during
oxidation. A previous study using Cr stable isotopes in Cr(III) oxidation by manganese oxides was
published as meeting abstracts (Bain and Bullen, 2004, 2005). These reported initial results were
inconclusive. Obtaining isotope fractionation values during oxidation experiments should help us in
understanding Cr systematics and allow us to consider the contribution of oxidation reactions to the
į53Cr values obtained from field samples.
2.2. Materials and Methods
All chemicals used in the experiments were reagent grade, and solutions were prepared with
deionized water obtained from a Millipore water system. The MnO2 used in the experiments (J.T Baker
Chemical Co., Phillipsburg, N.J.) was determined to be pyrolusite by powder X-ray diffraction.
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3\UROXVLWH ȕ-MnO2(s)) was selected because: 1) it had been used before in Cr(III) oxidation batch
experiments (Eary and Rai, 1987, Gon Kim et al., 2002, Guha et al., 2001, Weaver and Hochella, 2003),
2) it is a mineral commonly found near coal fly ashes and smelter wastes formed at high temperature,
although it does not form in soil environments (Eary and Rai, 1987), 3) it being synthetic, laboratorygrade quality helped reduce the uncertainties related to compositional variation related to the use (and
sampling) of natural samples (Weaver and Hochella, 2003), and 4) it had been previously characterized
in terms of its mineralogical, physical and chemical properties (Gon Kim et al., 2002).
2.2.1. Experimental Methods
All experiments were conducted at room temperature as outlined below, and solutions were
assumed to be in equilibrium with air.
a) pH: Experiments were conducted at controlled pHs of 3 and 4;
b) Matrix/species effects: Chloride or nitrate based experiments involved the use of different Cr(III)
salts, acids and electrolytes (see Table 3).
Table 3. Experimental design in oxidation batch experiments.
Matrix

Cr(III) salt

Acid

Electrolyte

Cl ± based
NO - based

CrCl3·6H2O
Cr3NO9·9H20

HCl
HNO3

NaCl
NaNO3

7KHH[SHULPHQWVZHUHGHVLJQHGDWS+¶VRIDQGWRKDYHERWK&U ,,, DQG&U 9, LQVROXWLRQ$
10 mg/l Cr(III) solution was made by diluting the Cr(III) salt in acid and electrolyte (0.1M) and stored.
A 1:10 solid/solution weight/volume ratio was used (i.e. 5 grams of MnO2 and 50 ml of the Cr(III)
solution in pre-cleaned 50 ml centrifuge tubes (similarly to the procedure described in Fendorf and
Zasoski, 1992). MnO2 was added, pH measured again and the tube capped and placed in a rotating
shaker (18 rpm). The tubes were covered in aluminum foil. Samples were collected at regular time
intervals, at each time the pH was measured (and adjusted if needed using 0.1N or 1N HNO3, HCl or
NaOH) and samples filtered with 0.45 µm syringe filters, and stored in polypropylene plastic tubes.
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2.2.2. Analytical Methods
2.2.2.1. Concentration Analyses.
Dissolved Cr(VI) concentrations were analyzed spectrometrically at 540 nm using a
diphenylcarbazide reagent (APHA, 1995), while Cr(III) was determined using the total Cr Hach
TNT454 method or ICP-OES. Manganese concentrations were also measured spectrometrically at 525
nm using the Hach method 8034 or via ICP-OES. Analytical precision of 5% was achieved with these
methods.
2.2.2.2. Isotope preparation/analysis.
Prior to any preparation for mass spectrometry, a known

50/54

Cr double spike is added to the

samples. This is done to account for any isotopic fractionation during the sample preparation and
instrumental bias. After spiking the samples, they were purified following a sequential ion-exchange
procedure (Ellis, 2002). This method achieves the removal of Iron (Fe), and Vandium (V), potential
isobaric interferences (Johnson and Bullen, 2004) and helped in decreasing the amount of Manganese
(Mn) present in the samples. Between 250 ng and 1 Pg of Cr were used. A NU-Plasma Multi Collector
Inductively Coupled Plasma Mass Spectrometer (MC-ICP-MS) at the University of Illinois at UrbanaChampaign (UIUC) was used. $QDO\WLFDOSUHFLVLRQRIÅDWıLVDFKLHYHGZLWKWKLVPHWKRG
2.3. Results and Discussion
Oxidation experiments seem to roughly follow a first order reaction, similar to earlier work on
Cr(III) oxidation by manganese oxides (Eary and Rai, 1987; Fendorf and Zasoski, 1992; Gon Kim et al.,
2002; Johnson and Xyla, 1991; Silvester et al., 1995; Weaver and Hochella, 2003), the above mentioned
studies also discuss in detail the kinetics of Cr(III) oxidation to Cr(VI) by manganese oxides. My results
show that the Cr(VI) formed initially (i.e. after 1 or 2 hours) is enriched in average LQį53&UE\Å
(Table 4).
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Table 4. Experimental results for the different experimental setups.
pH
Controlled

3
4

TIME (hrs)
0.5
1
24
0.5
12
24

Chloride based matrix
Cr(VI) (mg/l)
0.60
0.70
8.40
0.23
2.80
5.20

į53&U Å
1.313
1.156
0.246
1.154
0.418
0.379

TIME (hrs)
0.5
3
24
1
6
24

Nitrate based matrix
Cr(VI) (mg/l)
0.40
2.10
9.03
0.26
2.06
6.02

į53&U Å
1.401
0.363
0.272
1.134
0.914
0.523

7KH į53Cr values in the first oxidation stages are similar in the experiments. After these first
samples, the values obtained are less enriched, reflecting how the oxidation reaction is affected by the
consumption of available Cr(III) and all the other reactions taking place in the system, but still a similar
behavior is seen in all the experiments regardless of the matrix, pH changes and NaH2CO3 presence
(Figure 2).

a)

b)

c)
d)
Figure 2. Isotopic values (į53&U REWDLQHGIRUWKHDOOS+FRQWUROOHGH[SHULPHQWV1RWHKRZDOOWKHH[SHULPHQWVVKRZDį 53Cr
YDOXHFORVHWRÅIRUWKHLQLWLDOVDPSOHVIn a) experiments performed at pH 3 with a Chloride matrix, b) also pH 3 but
with a nitrate matrix, and c) and d) with a pH 4 and a Chloride and a Nitrate matrix respectively.
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Generally, dissolved manganese concentrations increased throughout the duration of the
experiments (Figure 3). To monitor the acidic dissolution of MnO2, control experiments using the same
experimental design described previously for the oxidation batch experiments were performed, but
without Cr(III) salts. As expected from equation (1), Mn concentrations were lower (almost 50%) than
in the experiments with Cr(III) present.

a)

b)

c)

d)

Figure 3. Concentration results for pH-controlled oxidation experiments with different matrices. Blue diamonds show Cr(VI)
concentration (mg/l), the green circles total Mn concentration (mg/l), while the red squares show the pH measured at the
sampling time. The red dashed line is a pH reference. Figures a) and b) show results from experiments performed at pH 3,
with a Chloride and a Nitrate matrices, respectively. Figures c) and d) show data from experiments performed at pH 4, with a
Chloride and a Nitrate matrices, respectively.
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Prior studies have implied that rates and extent of Cr(III) oxidation depends on the initial and
changing electronic properties of the surface (Fendorf and Zasoski, 1992; Silvester et al., 1995; Weaver
et al., 2002). The experimental results can be explaining by having a limited amount of Cr(III) oxidized
to Cr(VI) by the manganese oxide, prior to a possible alteration in the MnO2 surface. This alteration is
probably due to: 1) Cr oxyhydroxide microprecipitation and sorption/desorption, blocking the reactive
sites and, 2) competition for adsorption sites between Cr(III), Cr(VI) and Mn(II). Other possible
explanation for this behavior, according to Weaver and Hochella (2003), may be dissolution of MnO2
reactive sites, causing an increase of Mn concentrations in solution, limiting the reactive surface needed
for the Cr(III) oxidation reaction.
2.3.1. Factors controlling Cr isotopic fractionation
Estimates of isotopic fractionation between Cr aqueous species based on theoretical
considerations, indicate that at ĮCr(III)-Cr(VI) §WKLVYDOXHZDVREWDLQHGE\XVLQJYLEUDWLRQDOVSHFWUD
and both empirical and ab-initio force field (bonding) models (Schauble et al., 2004). This model
assumes: a) both species are in solution, b) there is no reaction, and c) different coordination between
the species.
Cr(III) oxidation by MnO2 is thought to be a multi-step, kinetically controlled redox reaction
involving coordination changes, with reaction rates following complicated kinetic expressions
(Esperson, 1970). Three electrons may be transferred from Cr(III) in single electron transfers
(Cr+3ĺ&U+4ĺ&U+5ĺ&U+6) and Cr must transition from an octahedral to a tetrahedral coordination.
Cr(III) oxidation on birnessite was previously characterized via X-Ray Absorption Spectroscopy
(Manceau and Charlet, 1992). It was determined to be surface controlled and that it did not occur
through a surface catalyzed oxygenation but instead by direct reaction with the manganese solvent,
acting as electron acceptor. They suggest the following reaction:
2Cr3+ Ł0Q22 + 2H22ĺ+&U24- + 3MnO2+ + 2H+«««««« 3)
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The first reaction involves Cr(III)aq ions diffusing toward vacancies of the sheet in the
manganese oxide and adsorption of Cr(III) via an inner-sphere complex on reactive surface sites. The
next steps involve electron transfers via an outer sphere mechanism (Silvester et al., 1995) with the
nearest Mn(IV) ions and intermediate species (such as Mn(III), Cr(V) and Cr(VI)). The last step consists
of desorption of the reaction products, i.e. Mn(II) and Cr(VI) with the chromate ions being released into
the solution probably via an outer-sphere complex (Manceau and Charlet, 1992). The possibility of the
first electron transfer, a change of Cr(VI) coordination from 6 to 4 fold, or adsorption processes, being
rate-limiting, depending on the pH conditions has been previously presented (Silvester et al., 1995). The
exchange reaction can be described by this set of reactions (Altman and King, 1961, Esperson, 1970):
Ox + Cr(III) ļ Red + Cr(IV)

fast (Esperson, 1970)

Ox + Cr(IV) ļ Red + Cr(V)

rate limiting step?

Ox + Cr(V) ļ Red + Cr(VI)

fast (Altman and King, 1961)

Even if the overall reaction is going forward (Cr(III) to Cr(VI)), we may have forward and back
reactions going in each step. Exchange between Cr(III) and Cr(VI) in acidic aqueous solution is very
slow. Earlier work (Altman and King, 1961) performed at 45°C saw an exchange of 43% after 1200
hours, and found that the rate law is complex. Apparently the rate-limiting step seems to be early in the
overall reaction steps; consequently, the isotopic fractionation should be dependent on the characteristics
of these first steps.
Equilibrium fractionation involves back reactions between the reactants and products in the
system. It is considered to be thermodynamically constrained and depends on the temperature
(decreasing with temperature increasing, (Urey, 1947)) and the system components.

In kinetic

fractionation the isotopes are separated during unidirectional reactions where there is an incomplete
isotopic exchange between the different phases in the system (Schauble, 2004). Kinetic isotopic effects
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are sensitive to the reaction mechanisms and rates (Detmers et al, 2001, Anbar et al, 2007, Farquhar et
al, 2003, Johnson et al, 2004.
In the experiments, isotopic enrichment of the heavy isotope in the Cr(VI) product relative to the
reactant cannot be explained by a simple kinetic isotopic effect, because during kinetic interactions one
would expect the product to become enriched in the lighter Cr isotopes relative to the reactant. Some
equilibrium isotope effect must be involved, as it would tend to enrich heavy isotopes in the more tightly
bonded oxidized species (Bigeleisen and Mayer, 1947) in the dissolved phase of our experiments.
Seemingly a combination of equilibrium and kinetic isotopic effects govern the multistep oxidation
reaction (Ellis et al., 2008). If reactions from Cr(IV) to Cr(V) are slow then they should be the main
responsible for the bulk of the fractionation values obtained.
2.4. Environmental Significance
Under certain conditions, Cr(III) may be oxidized to Cr(VI) in natural environments, that could
lead to serious environmental problems as previous study cases have shown (Apte et al., 2006,
Chattopadhyay et al., 1999; Milacic and Stuppar, 1995; Tokunaga et al., 2007; Verma, 2003; Walsh and
O'Halloran, 1996). The isotopic fractionation caused during Cr(III)aq oxidation to Cr(VI)aq E\ȕ-MnO2,
previously XQNQRZQ ZDV TXDQWLILHG DQG WKH PDJQLWXGH RI WKH YDOXHV REWDLQHG Å  VKRZ WKDW LW
should now be considered when using stable isotopes to monitor redox and transport conditions of Cr in
a contaminated system. The pHs used in these experiments can be found in several environmental
conditions (i.e. acid rain sites, pyritic black shale terrains, submarine and terrestrial hot spring systems,
etc., (Eppinger and Fuge, 2009). Furthermore, over long periods of time under neutral pHs, the presence
of MnO2 in soils and rocks in contact with ground and surface waters with high concentrations of
Cr(III), due to a natural or anthropogenic sources, may cause the re-oxidation/remobilization of Cr(III).
Therefore, when using Cr stable isotope values, oxidation may need to be considered if MnO2 are
present in the system.
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Chapter 3. Chromium Fate and Transport in León valley, Guanajuato, México
using Cr Stable Isotopes.
3.1. Introduction
Chromium (Cr) contamination in soils, ground and surface waters is a worldwide problem. It is
usually caused by Cr compounds being released to the environment via inappropriate industrial
disposal/management (Buerge and Hug, 1999; Fendorf and Sparks, 1994) and/or due to weathering and
erosion of Cr rich rocks/soils (Armienta et al., 1997; Ball and Izbicki, 2004; Calas et al., 1984; Cooper,
2002; Gonzalez et al., 2005; Hernandez-Silva et al., 2000; Izbicki et al., 2008; Oze et al., 2007).
&KURPLXP¶VFRQFHQWUDWLRQWR[LFLW\DQGPRELOLW\LQ DTXDWLFDQG WHUUHVWULDO HQYLURQPHQWV GHSHQGRQLWs
oxidation state (Bartlett and James, 1988; -DPHVDQG%DUWOHWW.RåXKHWDO . Cr is found in
nature in two states: Cr(III) and Cr(VI). Cr(VI) is highly mobile, toxic and carcinogenic if inhaled
(Daugherty, 1992), while Cr(III) is less mobile and about 10 to 100 times less toxic (Gon Kim et al.,
2002). Based on the above, Cr is regulated based on both its concentration and valence state (Cr(VI)
versus Cr(III)) and the different toxicities of each (Krimbaugh et al., 1999). The Maximum
Concentration Level (MCL) for total chromium allowed in drinking water is 100 µg/l in the USA
(USEPA, 1974) (50 µg/l in California (Ball and Izbicki, 2004)), while in Japan the MCL for Cr(VI) is 50
µg/l. In 2001, the California Department of Health started mandating tests of both total Cr and Cr(VI) in
drinking water (Gonzalez et al., 2005).
In 1975, concentrations of Cr over 0.10 mg/l were detected in groundwater in the León valley
area (central México) (Rodríguez and Armienta, 1995). This is a serious problem in the region, because
given its arid climate, nearly 91% of the urban water supply comes from groundwater (Armienta et al.,
1993). /HyQ¶VZDWHUSRllution problems attracted international attention in 1994 after a die-off of tens of
WKRXVDQGV RI PLJUDWRU\ DTXDWLF ELUGV ZLQWHULQJ LQ D ORFDO UHVHUYRLU FRQWDPLQDWHG E\ WKH FLW\¶V
wastewater (Commission for Environmental Cooperation 1995). Earlier work has proposed an
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anthropogenic origin for a high concentration plume near the industrial Buenavista (BV) (Armienta et
al., 1997; Armienta et al., 1993), while for a larger sub ppb plume located near the San Juan de Otates
(SJO) town, it is assumed to be caused by weathering of ultramafic rocks (Armienta et al., 1996;
Hernandez-Silva et al., 2000; Robles-Camacho and Armienta, 2000).
Historically, remediation of chromium contamination has relied on excavation/ encapsulation for
soils and pump and treat for groundwater (IETEG, 2005). A common practice to remediate Cr
contamination is to reduce Cr(VI) to Cr(III) by in situ chemical reduction (Eary and Rai, 1987; Li,
2006). However, working with a Cr contaminated plume is a challenging endeavor. Monitoring Cr
reduction involves collection of many years of data. Any decrease in concentration can be attributed to
several different processes, therefore you cannot be sure if the decrease is a result of reduction, or just
concentration changes owed to the spreading of the plume(s) caused by dispersion or dilution. Preceding
work (Berna, 2007; Ellis, 2002; Izbicki et al., 2008; Johnson and Bullen, 2004; Kitchen et al., 2004;
Sikora et al., 2008) has shown how Cr stable isotopes can be useful in monitoring reduction, and be used
to infer redox and transport conditions in natural settings, because: 1) reduction also causes isotope
fractionation, where the Cr(III) product is enriched in the lighter isotope while the remaining Cr(VI) is
enriched in the heavier isotope (Hoefs, 2004), and 2) isotopes are not affected by dilution or advection
processes.
3.2. Purpose and Scope
The purpose of this study was to contribute to the understanding of some of the geologic,
hydrologic and geochemical processes that control Cr concentrations and Cr isotopic compositions in
surface and groundwater in León Valley. The specific goals were to: 1) identify sources and determine
fate and transport of Cr in the León valley, México using Cr stable isotopes, and 2) test for an
amplification occurring during transport processes of Cr(VI) in sediment columns.
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The scope of this study included comparison and contrast of isotopic data obtained from samples
collected in the field and laboratory experiments to help us in the interpretation of processes and
phenomenon affecting Cr fate and transport in León, México. We expect to help the interested parties in
choosing viable remediation strategies, and to contribute in the study of the Cr problem in León valley.
3.3. Location
The León metropolitan (Figure 4) area is located in the central-western part of the state of
Guanajuato, has a population of over 1,634,000 habitants (2005 Census), and is one of the most
prominent leather industrial centers in Latin America. León valley has a mean elevation of 1851 meters,
and a semi-arid weather with a mean precipitation of 600mm/year (Esteller, 2002).

Figure 4. Location map of León valley, Guanajuato, México. Buenavista is situated between the cities of San Francisco del
Rincón and León, while San Juan de Otates is found flanked by León city and the Guanajuato Range to the East. Modified
from Robles-Camacho and Armienta, 2000.
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Geologically speaking, the study area is situated within the central sector of the Eje Volcánico
Transmexicano (Transmexican Volcanic Belt), which is tilted in direction WSW-ESE (Johannes, 2004).
In this sector the Geology is composed of volcanic rocks (mostly rhyolitic rocks) deposited in a
lacustrine environment along with alluvial sediments, mostly gravels, sands and clays (Esteller, 2002).
The León aquifer is located in a tectonic extensional valley crossed by the normal NW-SE Bajío fault
(Armienta et al., 1993). The Sierra de Guanajuato (Guanajuato Range) is its main recharge area, while
the regional flow is from the Northeast to the Southwest (Robles-Camacho and Armienta, 2000). The
main surface water bodies are: the ephemeral León river (a tributary of the Turbio river), and the San
Juan de Otates and the El Juanche streams, which feed the San Juan de Otates (or Lucio Blanco) and the
Laborcita Dams, respectively (Robles-Camacho and Armienta, 2000).
Since Cr was first detected in its groundwater in 1975, the aquifer has been monitored regularly.
In 1987 Cr was detected in 81 of the 90 wells in the area (Armienta et al., 1993), but the concentrations
of Cr were below the Mexican Mandatory Drinking Water Concentration Levels (MMDWCL) (0.05
mg/l), except in one small area, Buenavista, where concentrations as high as 50 mg/l were found
(Armienta et al., 1996). In 1995, Cr had impacted the water quality in the Río Turbio valley, Guanajuato
and the urban water supply of the cities of León, Silao and San Francisco del Rincón (Rodríguez and
Armienta, 1995). Several potential Cr sources (i.e. tanning and chromate factory wastes, brick factories,
weathering of ultramafic rocks) have been discussed in the literature (Armienta et al., 2001; Armienta
and Quere, 1995; Armienta et al., 1997; Armienta et al., 1996; Armienta et al., 1993; Hernandez-Silva et
al., 2000; Robles-Camacho and Armienta, 2000; Rodríguez and Armienta, 1995). Based on all these
previous efforts, two study areas were selected: Buenavista, with an anthropogenic source (Química
Central chromate factory), where the highest Cr concentrations are found, and San Juan de Otates,
related to the weathering of Jurassic ultramafic (pyroxenites and serpentinites) rocks present in the
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Sierra de Guanajuato. It has been suggested that hydraulic communication between both areas is not
possible due to the presence of an intervening regional cone of depression (Servais et al., 1982).
3.3.1. Buenavista
Situated about 13.5 kilometers to the Southwest of León (Figure 5), it is by far the most Crpolluted area in León valley (Rodríguez and Armienta, 1995).

Figure 5. Sample locations in Buenavista, Gto., México. The Química Central factory is shown in red, while the industrial
landfill is shown in yellow. P stands for piezometers, and WP for waste piles. Image: Google Earth, 2009.

Buenavista also has the highest number of tanning industries (approximately 650) in León valley
(Alvarez et al., 2004), producing up to 64,320 tonnes sludge/year (Barajas-Aceves et al., 2007), and is
still active. In Buenavista (BV) two main potential sources of Cr exist: the Química Central de México
(QC) factory, with high Cr(VI) concentrations, and an industrial waste landfill located approximately
1500 meters to the west of QC with low concentrations. Química Central (QC) specializes in the
development, manufacturing and sale of chromium based chemical products and specialty chemicals
products for the leather tanning industry. The factory is located adjacent to the highway and railroad
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León-San Francisco del Rincón, and at the northwestern edge of the San Germán Dam (generally dry
throughout the year), fed by the Los Gómez-León-Turbio river.
Areas dedicated to agriculture (sorghum and lucerne) (Reyes-Gutierrez et al., 2009) are found to
the east, northeast and southeast of QC. The groundwater Cr (VI) concentrations (0.05-0.1 mg/l) in the
area (Rodríguez and Armienta, 1995) IRUFHGORFDOFKDQJHVLQZDWHUXVH6LQFH%XHQDYLVWD¶VZDWHU
supply is obtained from the Cañada de Soto well system, 6 km Northwest of QC. An epidemiological
study was carried out to determine the health effects caused by Cr consumption in the population. The
only adverse effect found was perforated nose walls in 2.4% of QC workers (Armienta and Rodríguez,
 VLQFHWKH\GRQ¶WGULQNFRQWDPLQDWHGZDWHU 5RGUtJXH]DQG$UPLHQWD 
Disposal of industrial waste can cause health and environmental risks due to leaching and
seepage of Cr(VI) from solid to water (Reyes-Gutierrez et al., 2009). QC has produced since 1970
chemicals such as: sodium chromate tetrahydrate (Na2CrO4), sodium hydrogen chromate (NaHCrO4),
potassium chromate (K2CrO4), chromium hydroxide sulfate (Cr(OH)SO4), potassium bichromate
(KHCrO4), sodium sulfate (Na2SO4) and chromium trioxide (CrO3), and is still active. About 300,000
tons of waste containing Cr(VI) were produced and stored (Campillo-García, 2003) in QC as waste
material piles in the factory grounds: an old alumina waste pile (WP#1) with 6.12% Cr(VI), that was
relocated and reprocessed. Originally this WP had a depth of 8 m and an area of 400 m2 but today is no
longer present. WP#2 is bigger but has less Cr(VI) (0.137%) in it, and a third one (WP#3) was added in
2007, with an unknown amount of Cr in it. These waste piles have been considered to be the main
sources of Cr to the groundwater (Figure 6).
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a)

b)

c)

Figure 6. Pictures from the waste material piles located in Química Central. a) WP#1, b) WP#2, WP#3.

Typical Cr concentrations in soils range from 9.9 to 121 µg/g (Reyes-Gutierrez et al., 2009 and
references therein). In QC higher total Cr concentrations in soils have been reported. Armienta and
Rodriguez (1995) reported a Cr concentration of 1000 mg/kg for soil samples collected close to the
WP#2 (at a depth of 30 cm). Later, Armienta et al. (1996) reported an average content of 2500 mg/kg Cr
in the various soil fractions. These data plus results from Reyes-Gutierrez (2009) indicates that QC kept
increasing the disposal of untreated Cr-waste product in the last decade.
Leaching experiments in other publication (Reyes-Gutierrez, et al., 2009) performed in a similar
way to mine (using DI water) removed approximately 80% of Cr(VI) present in WP#2 samples, with the
leachates exceeding the 0.05 mg/l maximum permissible limit for water (NOM-127-SSA-1-1994) and
indicated the presence of chromatite (CaCrO4) in its precipitates, this was verified via XRD (ReyesGutierrez, et al., 2009).
An industrial landfill is situated to the west of QC where, older waste was emplaced there in the
late 198¶V ZLWK VXSHUYLsion of Mexican Environmental Authorities. Previous works evaluated several
remediation techniques and recommended the use of pump and treat for to remediate the groundwater
contamination issue in BV. Since 2000, QC and the Mexican Government agreed to the construction of
a treatment plan to: 1) reprocess the waste to recycle some of the Cr(VI) present in the waste piles, and
2) change the Cr(VI) to Cr(III) to stabilize the waste (Campillo-García, 2003). The treatment plant is in
28

operation but still a lot of material remains to be processed. Some of the solid waste is used for brickmaking after Cr(VI) reduction. This process may pose a risk in the future in case some of the Cr(III) is
oxidized back to Cr(VI) during the brick manufacturing or during weathering.
3.3.2. Hydrogeology
The Cr plume is traveling through high permeability sediments (i.e. gravels, sands and silts)
(Armienta and Quere, 1995) moving in a flow direction controlled by a piezometric depression (located
to the west of the P-A, P-5 and Cartonera (Rodríguez and Armienta, 1995)) generated by local pumping
of the semi-confined aquifer (Armienta et al, 1993). Pumping in these wells has prevented Cr migration
from extending beyond the Química Central area (Rodríguez and Armienta, 1995) and explains the
plume geometry (flow to the northwest, instead of following the regional flow direction to the south southeast, see Figure 7).

Figure 7. Piezometric map showing groundwater flow directions and the drawdown surface located to the NW of the QC
plant. Modified from Rodríguez and Armienta, 1995, and Robles-Camacho and Armienta, 2000.

The aquifer in BV shows a fast response to external factors such as changes in extraction rates. A
temporary stop in the extraction of wells 37 and 40 (responsible of the drawdown cone and not shown in
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Figure 7) in 1975 originated a Cr (VI) "peak concentration" of 280 mg/l in 1978 (Rodríguez and
Armienta, 1994). The next year, 1979, after the re-operation of well 37, the Cr (VI) content was 140
mg/l. In approximately 8 years Cr (VI) groundwater content lowered to 40 mg/l (Armienta & Rodriguez,
1992). Some layers of clay and silt with very low permeability exist but they are not big enough and lack
lateral continuity to impede Cr movement (Rodríguez and Armienta, 1995). The upper aquifer has a
variable thickness (12 to 30 m), a hydraulic conductivity of 1.27x10-3m/s, and 35% porosity (ReyesGutierrez, 1998) layers of clay and silt with very low permeability are present but they are not big
enough and lack lateral continuity. The hydraulic gradient in the Southwest is about 0.007 and the
average groundwater flow velocities ranges from 0.3 to 1 m/d (Reyes-Gutierrez, 1998). A clay aquitard
separates this aquifer from a deeper one. The deeper aquifer (>50m depth) has low or no Cr (Armienta et
al., 1993). Of all the wells in the upper aquifer Hulera has the highest concentrations, it is located inside
the factory grounds, near chemical storage tanks, and due to its high Cr content the water is pumped and
the Cr is recycled. Piezometer 1 is located near a soccer field located to the east of the factory, and was
drilled about 1 meter from a canal that carried tanning waste waters in the past. Piezometer 2 is located
at the factory grounds near the waste piles. Piezometer 5, Piezometer A and the Cartonera well are
located to the Northwest of QC, in a cardboard factory grounds. This cardboard factory used their water
in the cardboard manufacturing processes, but the Cartonera well dried out in December 2007 after the
first round of sampling (May 2007), so the factory is now forced to buy water from other sources. To the
west of QC, Piezometers 3 and 4 are located near the León-San Francisco del Rincón railroad and the
industrial landfill, while Piezometers B and C are found to the South of them in private owned
agricultural fields.
The Turbio/León river contains large amounts of sodium, chloride, nitrates and dissolved solids
in its waters, and an increase in nitrates and chloride concentrations was reported in previous
publications near the San German Dam. This increase can be explained as leather tanning waste waters
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are dumped and mixed without any treatment with urban sewage into oxidation ponds and later passing
through channels to the nearby lands for irrigation. Previous work (Armienta et al, 2003) suggested there
was no correlation between concentrations of Cr, nitrates and total dissolved solids in the QC site. Our
results are consistent with this.
3.3.2. San Juan de Otates
La Laborcita, La Providencia and San Juan de Otates (SJO) towns are located about 10 km to the
east of León (highway to Duarte) and southwest of the Guanajuato Range, San Juan de Otates Dam and
Laborcita Dam (Figure 8).

Figure 8. Samples in San Juan de Otates, Gto., México. Image: Google Earth, 2009.

The Sierra de Guanajuato outcrops have an age ranging from Jurassic to the Present (Figure 9).
The regional stratigraphic column has at its bottom Jurassic serpentinites and wehrlites (DelgadoArgote, 1986; Servais et al., 1982). Overlying these rocks there is a layer of tonalities superimposed by
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igneous rocks (plagiogranites, diorites, granites, gabbros, quartz-monzonites) and Cretaceous marine
sedimentary rocks. On top of these we have Tertiary granites, conglomerate and ignimbrites. Finally
basalts and quaternary alluvium overlie all the other rocks.

Figure 9. Geologic Map of San Juan de Otates, Gto. The SJO pyroxenites are found in the central part of the map (olive
green). Modified from Robles-Camacho and Armienta, 2000.

7KH ³6DQ -XDQ GH 2WDWHV pyroxenite´ RXWFURSSLQJ in Cerro Pelón at the Northeast of the San
Juan de Otates town) and its alteration products are the main potential Cr-sources to the environment
(Armienta et al., 1993; Hernandez-Silva et al., 2000; Robles-Camacho and Armienta, 2000). San Juan de
Otates pyroxenite mineral assemblage includes clinopyroxene, olivine, magnetite with chrysotyle,
hematite, chlorite and low concentrations of chromite and illmenite, its secondary minerals consist of
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chrysotyle, hematite and chlorite, clay minerals and talc (Robles-Camacho and Armienta, 2000). Acid
digestion of the rocks revealed higher content of chromium in the serpentinites (up to 4115 mg/kg) than
in the pyroxenites (3.3 mg/kg) and tonalities (1.5 mg/kg) (Robles-Camacho and Armienta, 2000).
3.4. Methods
3.4.1. Water Sampling and Analysis
Water samples were collected from wells, piezometers and surface waters in León valley. Most
of the groundwater samples were collected from piezometers and wells in or close to Química Central,
and close to a cardboard factory. In the San Juan de Otates surface water from the San Juan de Otates
river, San Juan de Otates and Laborcita Dams was collected. Also in SJO, samples were collected from
wells used for farm irrigation, for animal feeding on ranches, and two of them from municipal wells in
San Juan de Otates (SJO#1 and SJO#2), see Table 4 and Figure 6.
Table 5. Sample location and overall description.
Sampling
Point
P-1
P-2
P-3
P-4
P-5
P-A
P-B
P-C
Hulera
Cartonera
Laborcita
SJO
SJO # 1
SJO # 2
PSJO # 1
PSJO # 2
PSJO #3
Laborcita Dam
PSJO # 4
PSJO # 5

Coordinates
X (°N)
Y (°W)
21.04459
21.04025
21.03814
21.03690
21.04565
21.04608
21.03592
21.03567
21.04333
21.04559
21.10459
21.11262
21.08386
21.09270
21.14764
21.13942
21.12846
21.12717
21.13604
21.14338

101.79103
101.79151
101.80638
101.80901
101.79825
101.79892
101.79672
101.80794
101.79344
101.79804
101.54910
101.56106
101.56595
101.55755
101.54037
101.54019
101.54760
101.53453
101.54656
101.54050

Area

Description

Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates

Piezometer
Piezometer
Piezometer
Piezometer
Piezometer
Piezometer
Piezometer
Piezometer
Well
Well
Well
Well
Well
Well
Surface water
Surface water
Surface water
Surface water
Surface water
Surface water

Samples were collected during two consecutive summers (May 2007 and June 2008) before and
after the start of the raining season. All water samples were collected and measurements of basic water
parameters (temperature, pH, dissolved Oxygen, conductivity) performed. Water parameters were
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obtained using an YSI Model 556 multi-meter probe. Samples were originally not acidified, however all
were filtered (0.45 µm), and collected in acid-cleaned polyethylene bottles. The bottles were rinsed (3
times) with the sample before being filled and then capped and encased in zip lock bags. After this,
samples were stored in iced coolers while at the field, and once in the lab half of the sample obtained
was acidified and both portions refrigerated for storage. Concentrations of sulfate (SO4), phosphate
(PO4), chloride (Cl), fluroride (F), and bromide (Br) were measured after returning to the laboratory via
Ion Chromatography, and major cations and trace element concentrations via Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) at the University of Texas at El Paso and in the Activation
Laboratories (actlabs) in Canada, and Inductively Coupled Plasma Optical Emission Spectrometry (ICPOES) at the University of Texas at El Paso. Dissolved Cr(VI) concentrations were analyzed
spectrophotometrically @540 nm using the diphenylcarbazide (DPC) colorimetric method (EPA
Methods 7196A and 7197). Total Cr concentration was determined either by: 1) Flame Atomic
Absorption Spectrophotometry, 2) ICP-OES or ICP-MS, or 3) by using the Hach Total Cr Method
(TNT854).
3.4.2. Rock Samples
Fresh and weathered pyroxenite, tonalite and serpentinite samples were collected from the SJO
area. They were stored in zip lock bags. Once in the laboratory the rocks were crushed in a tungsten
table and stored in acid-clean plastic sample tubes. A portion of the sample was analyzed in the APS in
Argonne National Laboratory to determine its speciation (Cr(III) or Cr(VI)).
3.4.3. Waste pile sampling and analysis
Samples from the three waste piles (WP) were collected at the same time as the groundwater
samples. Samples from fresh and altered parts were collected and stored in double zip lock bags. They
were also crushed using a pestle and mortar and preserved in acid-clean plastic sample tubes.
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3.4.4. Leaching experiments
Samples from the waste piles were placed into 9 ml polypropylene tubes and DI water was
added. After 8 hours the leachates were syringe filtered (0.45 μm) and analyzed using the DPC method
described previously. A portion of the filtered sample was prepared for isotopic analysis. These
experiments allowed us to have an idea about the leaching by rainwater to the soil and groundwater
systems.
3.4.5. Synchrotron-based X-ray Adsorption Near Edge Structure (XANES) Analyses
Speciation analyses were performed at the Advanced Photon Source (APS) at Argonne National
Laboratory, IL. Two advantages of using synchrotron-based X-ray adsorption Near Edge (XANES)
analyses of Cr samples are: 1) not only oxidation states can be inferred from the energy of the X-ray
adsorption edge and associated adsorption resonances (Bajt et al., 1993), but also between different
compounds with the same oxidation state e.g. Cr2O3 vs. Cr(OH)3), and 2) no sample preparation is
needed (i.e. extraction) (Werner et al., 2007). A prominent pre-edge peak at 5993.5 eV occurs when
Cr(VI) is present, caused by a bound state 1s to 3d transition (Peterson et al., 1997), while the Cr(III)
pre-edges features are of low intensity because of the stability of the 3d3 electronic configuration and
the half filled t2g level of trivalent Cr (Peterson et al., 1997). Prior to the sample analysis, sample
preparation and data processing tests were conducted using Cr(III) and Cr(VI) solid and liquid reference
sample/standards. The crushed std/samples were prepared and placed in Kapton tape, carefully sealed
and placed in the beam line holder for analysis.
3.4.6. Column experiments
Sorption and desorption processes influence and affect transport of heavy metals. In the case of
Cr, it has been determined that transport (including sorption) of Cr(VI) does not seem to cause any
isotope IUDFWLRQDWLRQ Å  LQ EDWFK H[SHULPHQWV XQGHU HTXLOLEULXP FRQGLWLRQV (Ellis et al., 2004).
However, some fractionation was observed and attributed to kinetic effects, so the possibility exists of
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an amplification of the Cr stable isotopic fractionation as transport proceeds. This could cause a
difference in the isotope fractionation values between the core and the edges of the plume/pulse.
Transport experiments were carried out under saturated conditions in two vertically oriented acrylic soil
columns (Soil Measuring Systems, Phoenix, AZ) of two different sizes (2 and 2.5 inches of diameter,
and lengths of 15 and 20 inches respectively) with nylon membranes and a perforated stainless steel
perforated plate at both ends (Figure 10).

Figure 10. Sediment Column experimental set up.

Quickcrete playing sand was used in all the experiments. This sand was sieved (850, 710 and 500
µm) and stored. It was analyzed with an optical microscope, and found to be composed of quartz grains,
feldspars, garnets, lithic fragments oxides and chlorite.
a) Control experiments: Performed using only sand, to obtain the hydraulic parameters of a non reactive
substratum.
b) Magnetite/sand mixture. The experiments were designed to catalyze reduction conditions in the
columns. Samples from Ishpeming, Michigan US (Wards Scientific), were selected because it had been
previously characterized and reduction rates of Cr(VI) obtained (White et al., 1994).
c) Goethite coated-sand. These experiments were performed to cause VRUSWLRQLQFROXPQV6\QWKHWLFĮgoethite (synthetic iron oxide pigment yellow 910, LANXESS-Bayferrox) was selected because sorption
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RI &U 9,  RQ JRHWKLWH¶V VXUIDFH KDG EHHQ SUHYLRXVO\ VWXGLHG DQG &U 9,  WR &U ,,,  reduction was not
detected previously (Ellis et al., 2004). The sand was coated with the goethite by mixing them and
shaking it for 6 hours to ensure efficient coating. Loose particles were removed by shaking and setting
(coated sand settles faster than loose goethite particles (DeCapio, 2003).
To ensure a homogeneous matrix, each column was slowly packed with the material (i.e.
goethite-coated sand). The procedure followed was adapted from similar studies (Li, 2006; Selim et al.,
1989). The mean grain size of grains was between 50-100 times smaller than the column diameter to
avoid a lateral wall flow effect (Montgomery, 1985). To obtain the porosity (Das, 1985) the column was
weighted 1) without sand, 2) filled with dry sand, and 3) with DI-saturated sand. Columns were fed with
5 pore volumes of DI water from the bottom, to displace entrapped air, using a peristaltic pump. One
pore volume of the column is the fraction of the total volume of the column occupied by water
(Szenknect et al., 2005). Influent solutions of NaBr (non reactive tracer) and Cr(VI) solutions (K2Cr2O7)
with concentrations similar to those found in the field (1-10 mg/l Cr(VI)) were pumped as pulse
additions at constant pore water flux. The effluent concentration was monitored at regular intervals,
controlled by a fraction collector (Isco Retriever II). Aqueous samples obtained were syringe filtered
(0.45 µm) to remove particles in suspension, and analyzed for pH, Br¯, total chromium, and Cr(VI) with
at least one duplicate set, and standard additions to monitor for matrix interferences. Dissolved Cr(VI)
concentrations were analyzed as described previously. Br¯ concentrations were measured using an ISE
Bromide (Thermo Orion Model 290A+) probe.
The resulting Break-Trough Curves (BTCs) of the NaBr and the K2Cr2O7 pulses were plotted and
analyzed with CXTFIT to obtain hydraulic parameters. CXTFIT is free, distributed by the U.S. Salinity
Laboratory and has been previously used in the literature. CXTFIT helps obtain the 1-D transport
parameters using a nonlinear least squares parameter optimization method (Toride et al., 1984).
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3.4.7. Sorption batch experiments
Conducted to determine the sorption capacity of the goethite-coated sand material used in the
transport experiments. K2Cr2O7 solutions of similar pH to those used in the column experiments and
initial concentrations varying from 0.05 to 5 mg/l were prepared. 7 ml of solution was placed in 15 ml
polypropylene tubes and mixed with 10 grams of the goethite coated sand. Samples were shaken for 30
minutes. After samples were collected and filtered through a 0.45 μm syringe filter. Chromium sorption
was determined by the difference between initial and final Cr concentrations.
3.4.8. Electron Microprobe Analyses (EMPA) of column experiment samples
Samples obtained from the columns were dried down under a laminar fume hood. Samples were
placed in a probe section; carbon coated and analyzed using a CAMECA SX50 instrument. Using the
Wavelength-Dispersive Spectrometric (WDS) Analysis and Back Scattered Electronic (BSE) Images,
some Cr and Br were found within the sample grains. In the WDS technique four WD spectrometers
were tuned to look for Cr and Br as the electron beam was scanning from one point to point on the
surface of the samples, and after 10 seconds the number of counts per second (cps) was registered. In a
BSE image, the brighter the area the heavier the mean atomic mass of that material (Reed, 2005). Both
Cr and Br were found in the control experiments, generally in fractures and crystal imperfections
(19,000 and 350 cps for Cr and Br respectively). Also by using EMPA a preferential emplacement of
both Cr and Br in feldspars was found. This confirmed the non-sorbing nature of the quartz crystals as
originally thought. Once the goethite-coated samples were analyzed, a decrease in the cps was seen in
both Cr and Br (500 and 300 cps respectively), and both seem to be more evenly distributed in the
grains, and not concentrated in specific parts of the crystals, confirming that the goethite was sorbing Cr
and Br to the grain surfaces.
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3.4.9. Isotope Sample Preparation and Analysis
Isotope YDOXHVDUHSUHVHQWHGXVLQJWKHGHOWDQRWDWLRQ į53Cr). A known ratio

50/54

Cr double spike

is added to the sample(s), prior to any preparation for Mass Spectrometry. In this case we use

50

Cr and

54

Cr. This double spike is used to account for any isotopic fractionation during sample preparation and

instrumentation measuring. (Johnson and Bullen, 2004). After spiking the sample, it is purified for mass
spectrometry. A two step procedure was followed (Ellis et al., 2004), using anion exchange columns
(AG1-X8 resin) and drying out the samples. A NU Plasma HR Multi Collector Inductively coupled
Plasma Mass Spectrometer (MC-ICP-MS) at the University of Illinois at Urbana Champaign (UIUC)
was used to measure the Cr isotope fractionation. 50Cr, 52Cr, 53Cr and 54Cr as well as 50Cr/52Cr, 53Cr/52Cr,
and

54

Cr/52Cr ratios were obtained. Fe, V and Ti interference analyses (masses 54, 50 and 51,

respectively) were performed. RHVXOWVDUHH[SUHVVHGDVį53Cr:
G 53Cr

0

00

ª
«
¬

53

Cr

52

Cr sam  53Cr
53
Cr 52Cr std

52

Cr

std

º
» *1000 «««««««««««««« 1)
¼

where std and sam refer to the NIST SRM 979 Cr isotopic standard and the sample analyzed,
respectively. Positive values indicate enrichment in the heavier isotope relative to the standard; while
negative values indicate depletion. The Rayleigh fractionation formula we will use to estimate the
amount of reduction occurring at each sample location is:

G 53CrR

G 53Crini  H ln F ««..««««««««««««««« 2)

where R is the reservoir (i.e. unreduced Cr(VI)); İ the instantaneous fractionation LH į53Cr shift
induced by reduction); and F the fraction of Cr remaining (unreacted) in the reservoir. To calculate F
you can measure İ DQGWKHREVHUYHGį53&ULQWKHUHDFWDQWSRROPLQXVWKHį53Cr of the reservoir.
3.5. Results and Discussion
Location, chemical parameters obtained in the field, major ion and trace element analyses results
are presented in tables 6 to 8. Because Buenavista and san Juan de Otates are far away and apparently
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not hydrologically connected they will be discussed in different subsections. Various trace elements,
which are not regulated by the drinking water standards, have high concentrations within this
contaminated area. The Mexican Maximum Drinking Water Contaminant Levels (MMDWCL), as
described in the Norma Oficial Mexicana (NOM-127-SSA1-1994) for the chemicals of interest are
shown in Table 9. All the samples showing higher concentrations than MMDWCL, are shown in bold in
Tables 6 to 8.

Table 6. Sampling location and chemical parameters, and reduction (%), calculated from equation (2).
Sample

Area

Year

pH

P-2
P-3
P-A
P-B
P-C
Hulera
Cartonera
Laborcita
SJO
SJO # 1
SJO # 2
PSJO # 1
PSJO # 2
PSJO #3
P-1
P - 2 @ 13m
P - 2 @ 26m
P-3
P-4
P-5
P-A
P-B
P-C
Hulera
Laborcita Dam
PSJO # 4
PSJO # 5

Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
San Juan de Otates
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
Buenavista
San Juan de Otates
San Juan de Otates
San Juan de Otates

2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008

6.51
7.01
7.04
6.74
6.91
6.54
7.09
7.26
7.27
7.30
7.39
8.33
8.45
7.46
6.74
6.51
6.49
7.07
6.96
7.09
6.82
6.84
7.14
6.60
8.37
8.28
8.47

Temperature
(°C)
23.96
22.75
24.46
21.69
23.50
23.29
26.81
30.06
29.95
22.91
23.24
21.61
24.72
24.25
23.11
23.96
23.50
23.04
22.96
22.31
23.80
20.91
22.25
30.84
22.28
22.03
24.67

Alkalinity
(HCO3¯)
931.50
199.25
266.50
647.88
NA
354.00
228.00
337.75
325.75
268.25
265.50
271.00
255.00
343.25
1193.25
792.71
991.32
238.15
489.44
246.23
432.19
591.47
338.93
785.78
215.75
211.21
298.38

Total Cr
(mg/l)
21.5
0.03
NA
0.009
0.003
128
11
0.012
0.03
0.02
0.004
0.05
0.04
0.04
<0.005
62.13
19.7
0.003
0.43
0.15
0.08
<0.0005
0.025
95.1
0.002
0.007
0.002

Cr (VI)
(mg/l)
10.80
0.010
0.033
0.005
<0.001
121.57
10.84
0.010
0.010
0.016
0.016
0.012
0.014
0.011
<0.001
56.92
17.90
<0.001
0.42
0.14
0.002
<0.001
0.020
92.55
<0.001
<0.001
<0.001

į53 Cr
Å
+0.46
NA
+0.33
NA
NA
+0.33
-0.08
NA
NA
NA
NA
NA
NA
NA
NA
+0.124
+0.811
+1.275
+2.599
+1.407
NA
NA
+2.327
+0.440
+0.749
NA
+2.853

Red calc
(%)
12.32
NA
9.00
NA
NA
9.00
NA
NA
NA
NA
NA
NA
NA
NA
NA
3.48
20.68
30.54
52.42
33.11
NA
NA
48.57
11.81
19.27
NA
71.29

Table 7. Analyses for major ions and trace metals from May 2007 samples.
May 2007
Sample

Cond
(mS/cm)

Ca
(mg/l)

K
(mg/l)

Na
(mg/l)

Mg
(mg/l)

Cl
(mg/l)

NO3
(mg/l)

SO42(mg/l)

Al
(µg/l)

Ba
(µg/l)

Fe
(µg/l)

Mn
(µg/l)

U
(µg/l)

P-2
P-3
P-A
P-B
P-C
Hulera
Cartonera
Laborcita
SJO
SJO # 1
SJO # 2
PSJO # 1
PSJO # 2
PSJO #3

6,800
371
747
4,300
1,429
5,140
870
658
723
554
536
541
531
662

651.3
34.1
64.1
404.8
136
521
82.2
53.1
54.1
54.1
54.1
44.1
44.1
40.1

35
14.3
20.7
21.5
62.4
45
22.4
3.2
4.5
3.5
1.8
2.8
2.7
2.73

866.7
34.05
91.0
473.8
136.5
582.4
75.5
38.7
42.7
18.9
16.6
13.3
11.3
14.0

164
8.5
13.4
177.9
54.8
121.5
13.4
44.4
52.9
34.6
34.6
46.2
46.2
41.3

1660
3.82
44.1
860
101.4
1027.5
92.8
7.2
16.1
4.8
5.3
5.6
5.2
4.43

<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1

549.3
18.2
66.8
463.2
214
522.3
45.1
27.8
43.7
16.4
20.8
40.6
35.6
40.5

30
2
3
3
3
29
29
6
3
3
3
3
3
7

bdl
132
173
164
bdl
bdl
bdl
199
62
58
29
52
53
46

<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10
<10

<0.9
6.6
9
9
<0.9
<0.9
<0.9
9
4
4
3
1
2
1

<1.5
<1.5
48
59
<1.5
<1.5
<1.5
5
25
68
35
<1.5
<1.54
3
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Table 8. Analyses for major ions and trace metals from June 2008 samples.
June 2008
Sample

Cond
(mS/cm)

Ca
(mg/l)

K
(mg/l)

Na
(mg/l)

Mg
(mg/l)

Cl
(mg/l)

NO3
(mg/l)

SO42(mg/l)

Al
(µg/l)

Ba
(µg/l)

Fe
(µg/l)

Mn
(µg/l)

U
(µg/l)

P-1
P ± 2 @ 13 m
P-2 @ 26 m
P-3
P-4
P-5
P-A
P-B
P-C
Hulera
Laborcita Dam
PSJO # 4
PSJO # 5

3,716
2,040
8,150
552
1,238
990
782
3,874
918
4,805
393
398
508

441.2
263
369.2
54.09
133
79.19
111.9
392.8
123.8
569
34.07
34.07
34.07

37.29
30.35
40.89
15.1
29.77
33.9
25.85
27.5
12.7
43.49
3.62
3.1
1.79

968.05
358.78
749.35
31.73
69.97
57.24
78.1
247.71
68.14
491
14.43
8.96
6.53

133.7
63.62
183.9
10.08
25.21
13.51
10.94
96.31
12.15
109.3
30.38
34.03
53.47

1837.8
923.14
3312.2
30.35
121.08
19.03
45.74
1165.1
62.19
1398.8
3.98
3.4
3.1

<0.1
<0.1
<0.1
12.74
<0.1
61.35
<0.1
9.86
<0.1
<0.1
<0.1
<0.1
<0.1

470.03
926.57
613.29
19.89
145.51
170.04
8.91
397.26
104.56
458.79
13.69
15.87
24.55

37
bdl
bdl
48
2
99
2
26
7
bdl
2
39
bdl

331
125
117
254
116
233
bdl
368
148
57
16
39
46

120
<10
<10
<10
<10
<10
310
<10
<10
<10
<10
<10
<10

bdl
37
17
54
1
4
77
131
50
19
2
64
10

18
45
38
3
19
3
<1.54
78
13
45
1.7
<1.54
<1.54

Table 9. Mexican Maximum Drinking Water Contaminant Levels (NOM-127-SSA1-1994) for different chemicals.
Chemical
Aluminum
Barium
Cadmium
Chloride
Copper
Total chromium
Iron
Fluoride
Lead
Manganese
Nitrates
Nitrites
Sodium
Sulfates

Maximum Permissible Level (mg/l)
0.20
0.70
0.005
250
2.00
0.05
0.30
1.50
0.025
0.15
10.00
0.05
200.00
400.00

The Piper diagram (Figure 11) shows the chemical composition of the analyzed samples from
León valley. Three distinct water groups can be identified: Type I is the group of Na-Cl samples in QC
(green oval), type 2 group is composed by Ca-HCO3 samples in BV (red oval), and Type 3 are the MgHCO3 SJO surface and groundwater samples (blue oval).
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Figure 11. Piper diagram showing the chemical composition from León valley samples.

3.5.1. Hydrology and groundwater evolution
The sample with the highest conductivity/TDS is P-2 (sampled at 26 m of depth in 2008) with a
value of 8150 mS/cm and the lowest in P-3 (2007) with a value of 371 mS/cm. Chloride concentrations
are the highest for P-2, P-B and Hulera in QC and are generally low in SJO. Cl Values range from 3.82
mg/l (P-3 in 2007) to 3312 mg/l (P-2@26m in 2008). NO3 was only found in piezometers 3, 5 and B,
with concentrations above MMCPL (9.86 to 61.3 mg/l) are only found in BV in piezometers 3 and 5.
Concentrations of SO4 above MMCPL (470 to 926 mg/l in P-2@13m) are found in P-1, P-2, P-B, P-C,
and Hulera. High concentrations of Ca (from 136 mg/l in P-C to 651.30 mg/l in P-2 in 2007) are found
in P-2, P-4, P-B, P-C, and Hulera. K concentrations range from 12.7 mg/l in to 62 mg/l (P-C). Na
concentrations above the MMCPL (247 in P-B to 968 mg/l in P-1) are found also in P-1, P-2, P-B, and
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Hulera. Mg concentrations in BV were below the MMCPL and range from 10.08 mg/l (P-3) to 183.89
mg/l (P-2). Al concentrations range from 2 to 99 μg/l (P-5). Ba concentrations range from 0.3 μg/l
(Hulera) to 368 μg/l (P-B). Mn concentrations are below MMCPL, and Fe is not detected in all but one
of the samples P-A with a concentration of 310 μg/l). Concentrations of U in the aquifer (up to 78 μg/l)
are well above the USEPA MCL (20 µg/l). No seasonal variation was observed in the cases of Ca, Na,
SO4, and TDS. An increase was seen in Al, Ba, Cl, Fe, K, Mn, NO3, and U, while CO3, HCO3 and Mg
concentrations decreased in the analyzed León valley samples.
Water samples were analyzed comparing Cl with other major ions and trace elements (Figures 12
and 13) and a combination of major ions (Figure 14). Cl was chosen because it is the least reactive of the
major ions (most conservative) and is not precipitated except at very high salinity (Ortega-Guerrero,
2003).
High concentration of salts can be related to the historical dumping of untreated effluents directly
to the Gomez/León/Turbio River by tanneries (Reyes-Gutierrez et al., 2009) and/or the evaporation
caused by the dry climate in the area. The use of O and H isotopes could help discern this. A Na-Cl
plume possibly originating in the San German Dan/León River, has a shape that overlaps with the Cr
plume in BV. In all the charts shown in Figure 12, eight samples show a different behavior (high
concentrations and generally a good correlation with Cl) they are: P-1, the three P-2, both P-B and both
Hulera samples. Log-log plots in Figure 12 a), b) c) and e) show a good correlation between Ca, Na, and
HCO3, slightly less than the 1:1 molar ratio. The Cl vs. SO4 plot shows that most of the concentration
points lie on the 1:1 molar ratio line with almost no scatter, indicating that sulfate behaves, in León
valley as a conservative ion, with the probable source being the QC wastes. High concentrations of K
are found close to the León River and the San German Dam, showing scattering and good separation
between BV and SJO samples in Figure 13 d).
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a)

b)

c)

d)

e)

f)

Figure 12. Log-log plots of Cl concentration versus other major ions: a) HCO 3, b) SO4, (c) Ca, (d) K, (e) Na, (f) Mg. The
symbols used to show the samples in the charts are: blue circle for BV 2007, red circles for BV 2008, black diamonds for
SJO groundwater 2007, empty squares for SJO surface 2007 and black squares for SJO surface 2008.
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a)

b)

c)

d)

e)

f)

Figure 13. Plots of Cl against redox related parameters and trace elements: a) NO3, b) Mn, c) Al, d) Ba, e) Total Cr, and f) U.
The symbols used in the charts are: blue circle for BV 2007 samples, red circles for BV 2008 samples, black squares for SJO
2007 samples and black diamonds for SJO 2008 samples.

Figure 12 f) shows different behavior for BV and SJO samples: in BV, Mg and Cl show a good
correlation, while values for SJO behave differently, possibly related to the weathering of ultramafic
45

rocks. K, Mg, and Al concentrations in BV could be explained by the clays in the soil and QC wastes.
Variation in other trace elements as well as redox related parameters are presented in Figure 13. The
behavior of Al is inconsistent, increasing in concentrations in P-3, P-B, P-C, and decreasing in P-2, and
Hulera in 2008. The decrease in these two can be explained by the removal of alumina rich WP#1 in
2008.

a)

b)

c)

d)

Figure 14. Plots used in major ion analysis. The symbols used to show the samples in the charts are: blue circle for BV 2007,
red circles for BV 2008, black diamonds for SJO groundwater 2007, empty squares for SJO surface 2007, and black squares
for SJO surface 2008.

In SJO the major ions and trace element concentrations were below the MMDWCL. With eh
exception of Cr and U, the water quality in this area is good. The relatively high (within the samples)
levels of Ca, Na, Rb, and U can be explained by the weathering of the series of igneous rocks (of
different compositions) present in this part of the Guanajuato range. Especially significant are the high
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Mg concentrations, related to the weathering of the ultramafic rocks in SJO. Fe was not detected and Mn
levels are below MMDWCL. However an increase in the Mn concentrations was detected from 2007 to
2008, probably the seasonal variability (2008 samples were collected before the raining season had
started) is responsible of this. The relationship between alkalis or alkali earths with Cl or HCO3 can be
used to decipher their origins (Elbaz-Poulichet, F. et al., 2002). Figure 14 shows analyses using different
combinations between majors used to try to identify sources (i.e. silicate vs. carbonate rock weathering,
etc.).
A good correlation was found in the Na+K vs. Cl diagram (Figure 15 a). This plot can be used as
a reference for an evaporate source. A good correlation was found in the plot of Ca+Mg vs. SO4 (Figure
15 b) in the lower concentration samples, while in the high concentration samples some scattering is
found. The good correlation indicates a common source for Cl and SO4, probably related to the
weathering of silicate rocks or carbonated rocks. The Ca+Mg vs. HCO3 diagram (Figure 15 c) helps
discriminate between both possible sources. León valley samples lie above the 1:1 molar line. If samples
lie below the 1:1 molar line, the source is assumed to weathering of carbonated rocks, and if the samples
lie above this line the source is assumed to be weathering of silicate rocks. In the Mg/Ca vs. Na/Ca
diagram (Figure 15d) a good separation between the SJO and the BV samples can be seen, the upper
group can be correlated with the erosion of igneous rocks (ultramafic) while in the other the siliclastic
signature is identified (Zhang et al., 1995).
3.5.2. Cr and other redox species
Total Cr concentrations above MMDWCL in 2007 were found in P-2, and Hulera and Cartonera.
In 2008 concentrations above MMDWCL were found in P-2, P-5 and P-A and Hulera. An increase in
the concentrations in Hulera was from 2007 to 2008 and also in comparison to previous published values
ranging from 50 to 55 mg/l previous to 1995 (Rodríguez and Armienta, 1995). High Cr(VI) values are
found in almost 50% of the wells in the BV area (Figure 16).
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a)

b)
Figure 15. Comparison between Cr(VI) concentrations and į53Cr values from samples collected in Buenavista, Gto, México
for a) 2007 and b) 2008.
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The plume still seems to follow the direction caused by the piezometric drawdown mentioned
previously. A general decrease in Cr(VI) concentrations has been detected in BV during monitoring time
(+20 years). My results are consistent with this, showing Cr(VI) concentrations decreasing from 0.005
mg/l and 121 mg/l for surface and groundwater in 2007 to 0.002 mg/l and 95.1 mg/l for surface and
groundwater samples in 2008 (Figure 15). Still the highest concentrations are found in the area close to
the factory and the waste materials. The decrease of Cr(VI) concentrations, seemingly point to reduction
of Cr(VI) to Cr(III) occurring in the aquifer, but no evidences of oxidation of Cr(IIII) to Cr(VI) could be
detected in BV as an earlier work indicated (Armienta and Quere, 1995).
NO3 was detected in only three samples in BV (in the landfill area). NO3 can be due to oxidation
of NH4, but in this area can be related to the use of fertilizers in agriculture. Ba does not show a good
correlation with Cl. Generally Ba comes from anthropogenic sources, but if present in aquifers it is
sorbed onto metal oxides and hydroxides, limiting its mobility (Health Canada, 2008). U and Al show
high values in the QC samples (P-1, P-2, P-B, and Hulera and low for the other BV and SJO samples,
this is a very interesting behavior and should be studied in the future with more detail. A slight increase
in U concentrations is seen in areas close to agricultural fields. U content are high in some fertilizers or
could be related to the clays that make up the bulk of the alluvial deposits. U, Cr, NO3, are mobile under
oxidizing conditions while Fe, Mn show the opposite behavior precipitating in soils, hence can be used
as redox indicators. A previous study analyzed the soil cores coming from the drilling of 5 boreholes
later used as piezometers. The cores were analyzed for total Cr, Fe and Mn. A correlation between Fe
and Mn in the solid material was found with depth, however, total Cr concentrations were found to be
independent of Mn and Fe at any depth (Armienta and Quere, 1995). Mn reduction is recognized by the
presence of dissolved Mn, similarly to Fe, as dissolved iron can be assumed to be Fe(II) at neutral pH.
Thus, the presence of Fe or Mn in a groundwater sample indicates that manganese/iron reduction is ongoing or has happened at the sampling point or upgradient, and the opposite. The low Fe concentrations
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seen in BV seem to indicate that Fe is being oxidized and precipitated within the soil, while the Mn in
solution can be attributed to reduction occurring in the soil or to the use of farmyard manure and
chemical fertilizers.
From XANES results (Figure 16), both Cr(III) and Cr(VI) are present in the waste material piles
at different proportions: WP#1 contains about 80% Cr(VI), WP#2 has roughly 10% Cr(VI), while WP#3
is almost a 1:1 mixture. How much Cr(III) and Cr(VI) was originally in the chromite ore/waste is
unknown, so the presence of both species can be a product of redox reactions or they could have been
originally there.

a)

b)

c)

d)

Figure 16. Data collected at the X-ray Operations and Research Beamline 20-ID-Bat, PNC-CAT, Advanced Photon Source
at Argonne National Laboratory. In a) two standards K 2Cr2O7 (Cr(VI)) and Cr2O3 (Cr(III)) are compared with the WP#1
sample; in b) same standards compared with the WP#2 sample; in c) standards compared with WP#3. Results show how the
WP materials are a mix of Cr(III) and Cr(VI) in different degrees. In d) the comparison between standards and pyroxenites
collected in SJO, they show a behavior similar to the Cr(III) standard, as expected.
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3.5.3. Chromium Isotopes
Isotopic (į53Cr) values obtained from Buenavista samples are shown in Table 6. In QC for
samples obtained in 2007 the į53Cr values ranged from -Å LQ&DUWRQHUD WRÅ LQ3-2). In
2008 the lowest į53Cr value was found in P-2 (@13m) with ÅDQGWKHKLJKHVWLQ3-4 with +2.6Å
(see Figure 16). Samples from the two old waste piles KDYHHQULFKHGį53&UYDOXHV Åand Å,
for WP#1 and WP#2, respectively), however the new waste pile (WP#3) isotopic value (-0.017Å) is
very close to the assumed chromite source value (Å), pointing to varying reduction due to weathering
in the old waste piles (Table 10).
Table 10. G53Cr values for waste material piles leaching experiments.
Sample / Experiment
Leaching exp. WP #1
Leaching exp. WP #2
Leaching exp. WP #3

į53 &U Å
+0.76
+3.25
-0.017

An earlier Cr isotope field study (Izbicki et al, 2008) considered how under the conditions
prevailing in natural systems (neutral pH and oxic conditions) weathering, oxidation, exchange of
Cr(VI) into solution in soils and minerDOVXUIDFHVGRQRWVHHPWRDGGWRWKHį53Cr values (they should be
FORVHWRÅ WKXVWKHPDLQSURFHVVOHDGLQJWRWKH&UIUDFWLRQDWLRQLVUHGXFWLRQIURP&U 9, WR&U ,,, 
The findings presented in Chapter 2 should force us to look for the possibility of an oxidation
contribution to the isotopic values obtained. In León valley, no signs of oxidation by MnO2 were found
previously in the aquifer and total Cr concentrations were found to be independent of Mn and Fe at any
depth (Armienta and Quere, 1995). Considering all the above, and assuming then that no Cr(III)
oxidation occurs in BV, the range of į53&UYDOXHVIRUJURXQGZDWHUIURPÅWRÅQHDUWKHQC
factory, indicate varying amounts of reduction in the area. Almost certainly the large amounts of Cr have
exhausted the natural soil reductant capacity close to the factory. However recent changes in QC have
impacted the system, groundwater values went from showing QRYDULDWLRQLQį53Cr YDOXHV ÅWR
Å  LQ , while in 2008 one sample ZLWK HQULFKHG į53Cr value (P- ZLWK Å  was
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measured. P-5 is located in the same cardboard factory and can be compared with the Cartonera well
value showing no enrichment in 2007. The fact that it is only a piezometers and not an actual well plus
the enriched values found in it seems to indicate that reduction is occurring in this area. With equation
(2), and assumiQJĮ į53Crini= 0ÅWKHQDVPXFKDVWRRIWKHRULJLQDO&U 9, PD\KDYH
been removed by reduction in 30 years. Figure 17 summarizes the reduction values obtained by using
HTXDWLRQ  DQGį53Cr values from samples collected in BV, Guanajuato.

Figure 17. Reduction percentages obtained from equation (2) and į53Cr values from samples collected in Buenavista, Gto.
México (Note: WP values were not included in this map).

In the landfill area, Cr(VI) concentrations were low (approx 0.001 mg/l), hoZHYHU KLJK į53Cr
YDOXHV Å DQG Å  from 2008 samples seem to indicate reduction is occurring. From
HTXDWLRQ  DVVXPLQJĮ DQGį53Crini ÅWKHQDVPXFKDVWRRIWKHRULJLQDO&U 9, 
may have been removed by reduction. Low reduction values (0-20%) are found in the contaminated
area, showing how ostensibly the high Cr(VI) concentrations have overwhelmed the natural reductants
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in the area. High reduction values (30-50%) are found near the landfill area where reduction via natural
attenuation is seemingly removing Cr(VI) from the groundwater.
3.5.2. San Juan de Otates, Guanajuato, México
In San Juan de Otates (SJO), the sub ppb contaminated plume still follows the direction of the
regional flow (Northeast-Southwest in this part of the aquifer (Armienta et al., 1993, Rodriguez et al.,
1991), see Figure 18). The Southwestern part of the Sierra de Guanajuato ravine constitutes the main
recharge zone for the León aquifer (Robles-Camacho and Armienta, 2000).

Figure 18. Cr(VI) concentrations and į53Cr values obtained from samples collected in San Juan de Otates, Gto. México. The
white arrows show the regional flow direction. Image: Google Earth, 2009.

Weathering of ultramafics resulted in Cr(VI) concentrations in surface waters from 0.016 mg/l to
0.010 mg/l in 2007. Our latest sampling round in 2008 showed Cr(VI) concentrations below detection
limits (<0.001 mg/l), which also caused some difficulty in preparing samples for isotope analsyes. No
data is available to indicate that isotope fractionation occurs during weathering dissolution of Chromite
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to Cr(VI), and leaving aside the possible contribution of Cr(III) oxidation to the isotopic values, the
enriched values indicate that reduction is RFFXUULQJ LQ WKH /DERUFLWD DQG 6-2 GDPV Å DQG
+2.8ÅUHVSHFWLYHO\ 8VLQJHTXDWLRQ  DQGDVVXPLQJĮ DQGį53Crini ÅWKHQDVPXFKDV
20 to 70% of the original Cr(VI) may have been removed by reduction in SJO. A more careful study of
the soils and the material in the Dam would help in discarding the possibility of having oxidation with
Mn oxides occurring in the waters of both dams. This interpretations is also consistent with lower or no
Cr(VI) detected in 2008.
3.5.3. Column Experiments.
The concentration breakthrough curves for the different experiments are given in Figure 19 and a
summary of the model parameters produced by fitting the numerical model to the experimental results is
shown in Table 11.

a)

b)

Figure 19. Breakthrough curves (BTCs) VKRZLQJH[SHULPHQWDOGDWD EOXHGLDPRQGV WKH&;7),7ILW SLQNOLQHV DQGį 53Cr
values (red points with error bars). Both a) and b) were obtained in goethite-coated experiments. Figure a) shows data
obtained in the big column. OQO\RQHSRLQWLVVKRZLQJHQULFKPHQW Å Figure b) shows the results for an experiment
carried out in the small column; all values are within our precision (±Å 

54

Table 11. CXTFIT-estimated hydraulic parameters obtained from experimental breakthrough curves.
PV
(ml)

Influent

Substratum

325.65

NaBr
K2Cr2O7

Quartz sand

607.63

NaBr
K2Cr2O7

Goethite-coated sand

242.48

NaBr
K2Cr2O7

291.66

NaBr
K2Cr2O7

Input
conc.(mg/l)
7.99
10

V
(m/s)
1.49x10-4
4.23x10-4

D
(m2/s)
3.46x10-7
9.41x10-7

0.9183
2.6070

0.38

1.45x10-5
3.77x10-5

7.27x10-8
2.36x10-7

0.8167
2.1320

432.45
432.40

0.31

3.0x10-5
8.9x10-5

5.25x10-8
2.04x10-8

0.9521
1.1440

750
750

0.43

3.46x10-5
1.51x10-4

7.86x10-8
3.22x10-7

0.9135
4.5150

Pulse duration (sec)

Porosity

80
80

0.42

7.99
10

1115.3
115.41

Magnetite-sand mix

7.99
10

Goethite-coated sand

7.99
10

R

Previous work predicted an amplification of the isotopic fractionation values in a contaminated
plume as transport proceeds. This enrichment could be attributed to kinetic processes acting as one
isotope is more retarded than the other, causing a difference between the isotope fractionation values in
core and the fringes of the contaminant plume(s). Samples from before, at, and after the BTC
contaminant pulse were isotopically analyzed. No reduction and/or fractionation were obtained in the
magnetite-sand mixture and quartz only experiments. The only sample showing an enrichment (+Å
is found in the tail of one goethite-coated sand experiment. The issue with this result is that it falls where
the hypothesized magnification should occur, with a value similar to the one predicted by Ellis et al,
2004. However the fact that its concentration was below the EPA MCL (0.02 mg/l) makes the
environmental significance of this enrichment not very important if dealing with a real contaminant
plume. However more work needs to be done if interested in measuring the fractionation occurring at
the low concentrations present in the fringes of a real contaminant plume.
3.6. Conclusions
In León valley, three different types of water can be identified by chemical analyses, QC samples
are Na-Cl (possibly related to the dumping of waste from the leather tanning industry, plus evaporation
in a dry climate), while the rest of the BV samples are Ca-HCO3 (related to the presence of clays in a
lacustrine environment). The SJO samples can be classified as being Mg-HCO3 (related to the
weathering of the ultramafic rocks in the Guanajuato range).
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In Buenavista (BV) a decrease in Cr(VI) concentrations has been recorded by the monitoring of
JURXQGZDWHUVLQFHWKH¶VRXUVDPSOHV DUHFRQVLVWHQW ZLWK WKLV3UHYLRXVZRUNKDV HVWDEOLVKHGWKH
usefulness of Cr stable isotopes in reduction monitoring of a contaminated area. į53Cr values for
groundwater rDQJHIURPÅWRÅQHDUthe QC factory indicating different degrees of reduction
in the area, probably the large amounts of Cr have exhausted the natural soil reductant capacity close to
the factory. The unfractionated Cr(VI) in groundwater versus those of the waste piles, considered the
contamination source, suggests either: 1) the Cr in the waste pile was not fractionated previously, but it
is now ± result of "weathering", 2) an unknown process is depleting the Cr isotope signature, and/or 3)
indicates the presence of other Cr sources. The system has changed in two years, the removal of WP#1,
Cartonera well drying out, plus the emplacement of WP#3, with the isotopic values (P-5) reflecting this.
From these results, it is clear that natural attenuation is not a remediation technology that can be used in
the contaminated area near QC, instead pump and treat or other active remediation technologies are
required. On the other hand, in the area near the industrial landfill two samples collected in 2008 show
low Cr(VI) concentrations (<0.001 mg/l) DQG KLJK į53&U YDOXHV  DQG Å  LQGLFDWLQJ
reduction (probably via natural attenuation) is occurring within this area, and the landfill is working
properly.
In the SJO area, over the past couple of years the natural plume has been below EPA (and
Mexican) limits for drinking water, apparently natural reducing agents are helping remove Cr(VI) from
solution, as our isotopic data indicates. In both areas, Cr isotope fractionation values are useful in
determining reduction rates and if natural attenuation is still prevalent.
In all but one sample of all column experiments, no isotope variation was found. All the values
falling within our systematic precision (±0.15Å) in all but one sample (+0.8Å) present in the tail of the
plume; so we consider that no fractionation was caused by transport (including sorption) processes in the
column experiments. These results are consistent with the León data and with previously published data
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(Izbicki et al., 2008) coming from naturally occurring Cr-contaminated field samples from alluvial
aquifers in the western Mojave Desert, CA. Down gradient groundwater samples at Sheep Creek
Canyon in the San Gabriel Mountains had simLODU į53Cr values despite increasing Cr concentrations
along the groundwater flow.
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Chapter 4: Conclusions

This dissertation contributes to understanding the fate and transport of chromium (Cr) in the
environment, and shows the usefulness of Cr stable isotopes when dealing with cKURPLXP¶s
biogeochemical cycle. Previously published research obtained values of Cr stable isotopic fractionation
during reduction (biotic and abiotic) of Cr(VI) to Cr(III) (Berna, 2007; Ellis, 2002; Kitchen et al., 2004;
Sikora et al., 2008), sorption of Cr(VI) to goethite and aluminum oxides (Ellis et al., 2004), and
precipitation of low temperature Cr minerals (crocoites: PbCrO4) (Schoenberg et al., 2008). This work
contributes with the first set of Cr isotopic fractionation results from oxidation of Cr(III) in batch
experiments. į53&UYDOXHV Å measured are similar for all our experiments during the first stages of
oxidation, independent of pH, matrix and electrolyte used. Seemingly a combination of both equilibrium
and kinetic isotopic effects govern the multistep oxidation reaction. These results indicate that when
using Cr stable isotopes to monitor Cr contamination, the back reaction of Cr(III) to Cr(VI) should be
considered.
In the field study performed in León valley, Guanajuato, México, samples from both locations
studied (Buenavista and San Juan de Otates) showed isotope enrichment. In Buenavista, the system has
changed a lot since the first work by Armienta et al., was published in the early nineties. Waste pile
products (the proposed main source) have changed locations; and KDYHEHHQ³ZHDWKHUHG´WKXVFKDQJLQJ
the plume isotopic values. A decrease in Cr(VI) concentrations was observed between the first and
second sampling, and this is consistent with the long term trend observed in previous work. The lack of
Cr(VI) reduction observed in QC seems to be because the natural reductants have been used up. A lot
still remains to be done; pump and treat or other active remediation technologies need to be used. The
IDFWRU\ FDQ¶W EH RQO\ UHO\LQJ RQ QDWXUDO DWWHQXDWLRQ HYHQ LW Ls the cheapest short term way (Blowes,
2002)) to avoid contaminating the agricultural and municipal wells close to QC. In San Juan de Otates,
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Cr(VI) concentrations are below both EPA (USEPA, 1974) and Mexican Maximum Contamination
Levels (Diario Oficial de la Federación, 1994), and do not pose a risk to the population in the area. High
isotopic values (Å WR Å were measured, probably due to reduction of Cr(VI) in the
system. The results obtained from the 1-D column experiments showed isotope fractionation values
within our precision (with one exception), indicating little or no fractionation during transport. The one
experiment that showed enrichment was at the fringes of the plume and in a field site it would be below
86(3$¶V0&/. This lack of variation due to transport is consistent with values from the Mojave Desert,
CA. (Izbicki et al., 2008) and León valley, México. Thus the possibility of sorption amplification in a
contaminated plume may only be considered when dealing with the low concentrations at the fringes of
the plumes.
4.1. References
Bain, D.J., and Bullen, T.D., 2004, Experimental Determination of Isotopic Fractionation of Chromium(III) During
Oxidation by Manganese Oxides: Eos. Transactions AGU Fall Meet. Suppl. Abstract H42C-03, v. 85.
², 2005, Chromium Isotopic Fractionation During Oxidation of Cr(III) by Manganese Oxides: Supplement to Geochimica et
Cosmochimica Acta (Golschmidt 2005), v. 69, p. A212.
Berna, 2007, First Field Study Demonstrating Stable Chromium Isotopes as a Quantifier of Cr(VI) Reduction, 233 rd
American Chemical Society National Meeting: Chicago, IL, American Chemical Society.
Blowes, D., 2002, Perspectives: Environmental chemistry: Tracking Hexavalent Chromium in Groundwater: Science, v. 295,
p. 2024-2025.
Diario Oficial de la Federación, 1994, Norma Oficial Mexicana NOM-127-SSA1-1994: Salud Ambiental, Agua Para Uso y
Consumo Humano-Límites Permisibles de Calidad y Tratamientos a que Debe Someterse el Agua Para su
Potabilización Diario Oficial de la Federación (México), p. 41-45.
Ellis, A.S., 2002, Chromium Isotopes and the Fate of Hexavalent Chromium in the Environment Science, v. 295, p. 20602062.
Ellis, A.S., Johnson, T.M., and Bullen, T.D., 2004, Using Chromium Stable Isotope Ratios to Quantify Cr(VI) Reduction:
Lack of Sorption Effects: Environmental Science and Technology, v. 38, p. 3604-3607.
Izbicki, J.A., Ball, J.W., Bullen, T.D., and Sutley, S.J., 2008, Chromium, Chromium Isotopes and Selected Trace Elements,
Western Mojave Desert, USA: Applied Geochemistry, v. 23, p. 1325-1352.
Kitchen, J.W., Johnson, T.M., and Bullen, T.D., 2004, Chromium Stable Isotope Fractionation During Abiotic Reduction of
Hexavalent Chromium: Eos. Transactions AGU Fall Meet. Suppl. Abstract V51A-0519, v. 85.
Schoenberg, R., Zink, S., Staubwasser, M., and Von Blanckenburg, F., 2008, The Stable Cr Isotope Inventory of Solid Earth
Reservoirs Determined by Double-Spike MC-ICP-MS: Chemical Geology, v. 249, p. 294-306.
Sikora, E.R., Johnson, T.M., and Bullen, T.D., 2008, Microbial Mass-Dependent Fractionation of Chromium Isotopes:
Geochimica et Cosmochimica Acta, v. 72, p. 3631-3641.
USEPA, 1974, Safe Drinking Water Act Fact Sheet.

62

Vita

Alejandro Villalobos Aragón was born in Chihuahua City, México. He received both his
EDFKHORU¶V GHJUHH LQ Geological Engineering in 2001 and his Master¶V in Engineering degree in
Groundwater Hydrology in 2003 from the Autonomous University of Chihuahua. In 2004 he joined the
doctoral program at the University of Texas at El Paso. While pursuing his degree, he worked as a
teaching and research assistant for the Department of Geological Sciences. He obtained student research
grants from the Geological Society of America and the International Association of Geochemistry and
other awards from the Geology Department and the College of Sciences. Alejandro will now continue
his work in the Engineering Department at the Autonomous University of Chihuahua.

Permanent address:

Calle New Jersey #3232-A,
Colonia Quintas del Sol, C.P. 31250
Chihuahua, Chihuahua, México
alejandrovillalo@hotmail.com

This dissertation was typed by the author.
63

